Abstract
Introduction

20
Endoscopic Sinus and Skull base Surgery (ESSS) is a minimally invasive technique for
21 treatment of lesions of the nose and paranasal sinus, as well as the brain defects or tumors 22 located at the anterior skull base. A rigid fiber optic lens with a working channel is passed simulation provides an opportunity to learn and practice neurosurgical procedures in a virtual 23 environment. By replicating the real surgery conditions, surgical simulation systems enable the trainees to practice diverse types of procedures unlimitedly, and even more importantly, 1 experience complicated situations before facing them on real patients [9, 10] .
2
The two main components of a surgical simulation system are 1) an interactive graphical 3 environment of surgery site that is manipulated with virtual surgical tools, and 2) a robotic 4 interface, preferably with force feedback capability, which associates the operator's hands 5 with the virtual surgical tools. A number of surgical simulation systems have been introduced 6 in recent years for endoscopic sinus surgery training, with a wide range of competencies for 7 each of the above components, particularly the level of force feedback and haptics capability 8 of the robotic interface [11] [12] [13] . This is not surprising considering the fact that the sense of 9 touch is an important skill for neurosurgeons to learn and master, in view of a limited degree 10 of finger/hand movements in endoscopic neurosurgery and the presence of vital 11 neurovascular structures in the field [14, 15] .
12
Although implementation of a simple force feedback as a collision detection algorithm is 13 relatively simple, reconstruction of a realistic sense of haptics in surgical simulation systems 14 is much complicated and challenging. In one hand, it requires real-time mechanical models of 15 the tissues under surgery, to calculate the tool-tissue force interactions, and on the other hand, 16 highly efficient control strategies, to feedback the forces into the surgeon's hands in real-time 17 [16, 17] . The tissue models that are currently utilized in neurosurgery simulation systems 18 often contain detailed anatomical descriptions, but they lack accurate and validated 19 mechanical properties. This limitation restricts the systems' capacity for reconstruction of a 20 real sense of haptic and consequently reduces their overall training efficacy [18] .
21
A review of the related literature shows that the previous attempts for developing tissue 22 mechanical models for surgery simulation have been often devoted to abdominal and thoracic 23 soft tissues [19] [20] [21] . There are several reports of the elastic [22] [23] [24] , hyper elastic [25] [26] [27] , and 24 viscoelastic [28] [29] [30] properties of liver, lung, and breast. The few studies concerning the mechanical properties of tissues involved in neurosurgery simulation are limited to the elastic 1 and viscoelastic properties of the brain [31] [32] [33] . To the best of our knowledge, the mechanical 2 behavior of the sino-nasal tissue has not been investigated before.
3
The aim of this research was to provide a simple yet realistic model of the sino-nasal tissue as 4 a major requirement for developing more efficient ESSS simulation systems. indention tests were performed on the sino-nasal tissue at the posterior of the orbital floor 6 area of sheep specimens and the force-displacement results were incorporated into an inverse 7 finite element model to obtain the hyperelastic mechanical properties of the tissue using 8 optimization technique. This paper is organized as follows. In section 2.1 the specimens, the 9 experimental set-up, and test procedure are introduced. Four candidate hyperelastic models, 10 ae well as the finite element model of the indentation test are described in section 2.2. The 11 invers finite element modeling and the optimization procedure are presented in section 2.3.
12
The results of the study are revealed and discussed in section 3. Finally, section 4 gives the 13 concluding remakes and future works. 
Materials and methods
15
Experiments
16
Four heads of adult sheep were acquired from a local abattoir and used as the test samples.
17
Experiments were performed ex-vivo to measure the mechanical properties of the sheep's protocol were approved by the ethical committee of the Tehran University of Medical Prior to the main experiments, a model surgery was performed by an experienced ENT 1 surgeon in order to identify the most appropriate anatomical site within the sino-nasal region 2 of the test samples that provides an intraoperative sense of touch similar to that of the human 3 tissue. The approach used in the model surgery was typically the same as a real endoscopic 4 neurosurgery with the exact position of the anatomical site determined using a surgical 5 navigation system. For one of the test samples, high resolution CT images (0.625mm slice 6 thickness) were acquired while eight fiducial markers were implanted on the skull for 7 registration (Fig 1.a) . The markers were custom made from ABS to prevent artefacts, yet be samples. An INSTRON test machine (5560 Series Table Model) with 50kN force capacity 22 and 0.001-500 mm/min speed range was employed to obtain the force-deformation behavior of the orbital floor soft tissue using indentation tests. The accuracy of the load cell was in the 1 range of +/-0.5% of the indicated force and that of the encoder within +/-1 µm.
2
A custom made indenter was attached to the moving crosshead of the test machine as the 3 loading probe. The indenter was designed and fabricated in analogy to the curette surgical 4 instrument, as a 4mm diameter rod with a rounded tip. During the experiments, the test 5 sample was secured to the base of the test machine, using two parallel plates, such that the 6 posterior pole of the orbital floor hemisphere aligned vertically under the indenter. The force-7 displacement data was acquired at a rate of 1kHz while the indenter pressed the sino-nasal 8 tissue at a rate of 10mm/min. For each sample, a total of six indentation cycles were 9 performed, from which the first five were used for preconditioning to minimize the effect of 10 loading history [35] . The force-displacement data of the last indentation test was used for the 11 analysis. 
Finite element modeling
13
Considering the large deformation and non-linear mechanical behavior of the sino-nasal soft 14 tissue during the indentation tests, hyperelastic models were used to describe the stress-strain 
where 0 represent the material constants and other parameters are the same as in Eq.
(1).
8
Considering the difficulty of measuring the influence of 2 on the strain energy, this function 
where 01 , 10 and 1 are material constants and the other parameters are the same as in Eq. 
in which all parameters are defined before. The bony orbital floor was assumed to be rigid, considering its much higher stiffness in properties of the sino-nasal tissue and the dynamic effects associated with the moving 8 indenter were ignored. The interaction of the indenter tip and the tissue was modeled using 9 contact elements to enable simulating their changing contact area for different indentions.
10
The contact between the tip and the tissue was assumed to be frictionless. 
Material characterization
12
An inverse finite element analysis approach was employed in this study for hyperelastic 
) and the corresponding experimental forces ( ):
The C ij in Eq. (5) are the hyperelastic material constants of the tissue which are restricted to 9 change in a predefined range during the optimizing process:
where the and constants are the lower and upper bounds, respectively.
11
As depicted in Figure 5 , the algorithm starts by constructing a FEM of the tissue based on an 12 initial guess for material constants. After running the model, the model predictions for process continues until a predefined acceptable minimum error (tolerance value) condition is satisfied for NMSD, leading to the optimum material constants. The tolerance value was set 1 at 5% in this study. Considering a large number of the finite element analyses required for material 16 characterization using the above approach, it was necessary to make the computational time The number of iterations, however, was different for the four models. In general, the Neo-
22
Hookean and the Polynomial hyperelastic models revealed the lowest and highest 23 convergence rates, respectively. This is not surprising considering the fact that these two models also have the smallest and largest degrees of freedom, i.e., the number of material 1 constants, respectively. The effect of the initial guess on the number of iterations and the final 2 results of the optimization process is indicated in Tables   3   Table 3 . The initial guess of the material constants had a considerable effect on the number of 4 iterations required to converge into the optimal condition, particularly for the Neo-Hookean
5
and Mooney-Rivlin hyperelastic models. However, regardless of the initial guess, the 6 convergence rate of different hyperelastic models had the same trend as described before; NMSDs in the range of 1.64% to 4.96%. The best fitting between the modeling and experimental results were dissimilar, and consequently, a different set of hyperelastic 7 material constants was obtained for each sample during material characterization (Table 4) . 
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